In this work, a modelling framework for heat transport is established for a unit planar type Solid Oxide Fuel Cell (SOFC). Because of elevated operating temperatures, radiation heat transfer could become a dominant mode of heat transfer. In the present study, we extend our recent work on radiative effects in SOFCs by accounting for the spectral dependence of the radiative properties of the electrolyte material. The SchusterSchwartzchild two-flux approximation is used for treating thermal radiation transport in the optically thin yttria-stabilized-zirconia (YSZ) electrolyte, and the Rosseland radiative thermal conductivity is used to account for radiation effects in the optically thick Ni-YSZ and LSM electrodes. FORTRAN language Software was used as a platform for the global thermal-fluid modelling and the radiation models were implemented through the user-defined functions. Results from sample calculations show that radiative heat transfer within and without the electrolyte interface has negligible effect on the average cell operating temperature.
Introduction
Solid oxide fuel cells (SOFCs) are energy conversion devices that produce electricity by electrochemically combining reactions of fuel and oxidant gases across in ionic conducting ceramic layer [1] [2] [3] [4] . The high operating temperature of the SOFC suggests that radiation heat transfer could be an important mode of energy transfer and must be included for an accurate model, and yet the majority of the existing models ignore it. Many experimental studies have been performed and many results obtained through them have already been reported [1, 2] . Concerning numerical simulations a few calculation results have been reported [3] [4] [5] [6] [7] . The conventional simulations were, however, not systematic, and even the dependence of the cell performance on its operating conditions has not yet been investigated. Considering these facts, recently, some authors have been engaged in numerical simulations of the planar type SOFCs to clarify the above dependence. At first, the authors developed a simulation code for a one channel region in its cell stack [8] . This code is effective to make clear the basic electrical and thermal performance characteristics of the co-flow and counter-flow type cells, while it cannot take into account the effect of radiation heat transfer from the cell surfaces because periodic boundary conditions are employed on the four boundary planes of the analytical unit and the surfaces of the cell stack are assumed to be infinitely far from the analytical unit. The effect of radiation heat transfer from the side surfaces of the single cell plate was also examined [9] . This examination was, however, also insufficient because it did not take into account the large amount of radiation heat transfer from the top and bottom surfaces of the cell stack. To calculate accurately the effect of radiation heat transfer from the cell stack surfaces, a code that can treat the whole cell stack is necessary. 
NOMENCLATURE

Model analysis
1. Radiative model
In the present work, the effect of radiative heat transfer on the fuel cell is reported. A single unit, planar type, co-flow fuel cell, Fig. 1 [10] ; model was studied by analyzing the fluid flow and conjugate heat transfer within the cell. The radiative transfer equation (RTE) was used to model radiation heat transfer and was solved using the discrete ordinate (DO) method. Alternately, a simplified radiation model was also developed based on the Schuster-Schwartzchild two-flux approximation and its accuracy was compared to that of the computationally expensive DO scheme. The thickness of the electrolyte and electrodes of the single cell plate in the analyzed cell stack are selected as 500μm and 75μm respectively. The radiation intensity, through emission of the semi-transparent materials, depends on the temperature field and therefore, cannot be decoupled from the overall energy equation. In addition, the solution of (RTE) depends on the approximation methods, the boundary conditions and the radiation properties. Below, two methods are discussed on how to solve the transient temperature distribution; namely Schuster-Schwartzchild two-flux approximation and Rosseland approximation. 
Schuster-Schwartzchild two-flux approximation
The radiative heat transfer process involves radiative transfer in electrodes, electrolyte and participating gases in the channels, and also surface to surface radiation exchange in the channels begins with writing the simple solution of the radiative transfer equation (RTE) for a gray, isothermal, non scattering in the YSZ, 1D and plane-parallel medium between two black walls at equal temperatures is given by Schuster-Schwartzchild or the two-flux approximation [11] .
Stefan-Boltzmann constant, T and T w are the absolute temperatures of the medium and walls, respectively, and is the optical thickness. The radiative heat flux is assumed to be an isotropic function of the propagation direction, but different, over the upper and lower hemisphere. For a medium confined between two isothermal, parallel black plates at temperatures T top and T bottom and separated by a distance L thickness of the medium , the two-flux model gives the radiative intensity as [11] .
Where
The radiation transport thus calculated can be coupled with the overall energy conservation by introducing the divergence of the radiative heat flux as a (negative) source term in the energy equation. Figure 2shows a schematic of a two-dimensional enclosure used for validating the Schuster-Schwartzchild radiation model. The temperatures of the upper plate and lower plate were fixed at 1200 and 800 K, respectively, with the sidewalls being adiabatic. Studies were carried out for different optical thickness by varying the absorption coefficient of the enclosed medium. 
Rosseland thermal conductivity
The presence of Nickel doping makes the anode highly absorbing to thermal radiation, thus resulting in optically thick ( >>1) behavior, it has been shown [11] that the radiative heat flux q can be estimated with sufficient accuracy through Rosseland approximation (RA) as,
Wherek is the radiative conductivity and defined as,
Where the Rosseland mean absorption coefficient can be evaluated from the integration of the spectral absorption coefficient,
Where , I b and I are the spectral index of refraction, spectral blackbody intensity and spectral radiative intensity respectively. Although the (RA) results in extremely convenient form, it is worth noting that this diffusion approximation is not valid near a boundary and the optically thick assumption should be used with caution.
Radiative properties and SOFC description
The knowledge the radiative properties, namely absorption coefficient, k, and refractive index, n. and the state-of-the-art SOFCs uses yttria-stabilized-zirconia (YSZ) as the electrolyte, strontium-doped LaMnO 3 (LSM) as the cathode and nickel doped YSZ as the anodeare needed to predict the radiative heat transfer inside SOFC electrodes and electrolyte [3] . For typical operating temperatures of 900-1100 K and n=1.8, it can be shown that over 90% of the emissive power is contained within the near to midconditions.
The absorption coefficient of YSZ electrolyte is obtained from:
Where T R is the transitivity, the absorption coefficient and L the thickness of the medium. The multiplication of these two parameters, gives the optical thickness . 
SOFC Planar Model
The first part of this paper will focus on a planar anode, since the anode contains participating gases. Since the focus is to show the importance of radiation, every effort is made to minimize this effect, ensuring that radiation will be more significant in an operating fuel cell than that shown here. If radiation is found to be significant under these conditions, then it will be essential to model radiation in a detailed fuel cell model. Thermal radiation have according to [10, 12] a large impact on the temperature distribution inside the stack/cell, however, the impact is small according to [4, 9] . This difference can be explained by different fuel cell design and assumptions. The planar geometry modeled for this study is shown in Fig. 4 . It consisted of one fuel channel and the surrounding interconnects material in a typical 8 mm by 8 mm planar configuration. The length, width and height of the single cell plate in the analyzed cell stack are selected as 8 mm × 4 mm × 2 mm. As the cell materials, YSZ, N-YSZ, La 0.8 Sr 0.2 MnO 3 and LaCr 0.9 Mg 0.1 O 3 are selected for the electrolyte, anode, cathode and interconnector, respectively. In a fuel cell, the flow channel directs the gases over a porous electrode. Some of the gas diffuses through the electrode to an active site where the fuel cell reaction can take place. In the anode, hydrogen or carbon monoxide or both is consumed and water vapour or carbon dioxide or both is produced. The bottom of the channel (y=0 mm) is assumed to be a sink of H 2 and CO, a source of H 2 O and CO 2 and a source of thermal energy from an electrochemical reaction. All source/sink terms are assumed uniform, and set to develop the desired current density. In reality, species and energy are produced or consumed at triple phase boundary (electrons, oxide ions, gas molecules) locations at or near the electrode/electrolyte interface. The correct distributions require both an accurate transport model (of species and electrons) through the porous electrode, and a detailed electrochemical model. This however will lead to larger temperature gradients, and increase the importance of radiation. In order to study the radiative effects on the electrodes/electrolyte interface of SOFCs, a self program in FORTRAN language has been written to simulate this process. The CFD code solves the mass, species, momentum (Navier-Stokes), and energy equations simultaneously [13] . The first step in showing the role of radiation was to develop a baseline condition and solve the thermal/fluid equations. A current density of 8000 A/m 2 was assumed for the baseline test as it is a typical value for planar SOFCs. Four additional cases were run with the planar model. The radiation parameters and absorption coefficient a were varied according to the values in Table1. Table. 1: Cases completed for study [11, 14] Case Description 
Results
Absorption Coefficient Effect
Figure 5shows the temperature variation along the length of the fuel at the top centre of the channel in the direction of gas flow for the air, for the five different cases. The cases which modeled radiation heat exchange show lower wall temperatures in the cell. This makes physical sense because the hot upper walls radiate energy to cooler parts of the channel. Radiation effectively decreases the temperature gradients in the cell. This is a significant result because it shows that ignoring radiation heat transfer in a thermal model of a fuel cell can result in the calculated temperature being over 32 degrees too high. This is significant, since the modeling assumptions have explicitly tried to reduce the effects of radiation. With the addition of an electrochemical model, and internal reforming, the temperature gradients will be significantly larger, and the effects of radiation more pronounced. A general trend can be seen however. The larger the absorptive coefficient, the lower the overall temperatures will be. Including a participating media in the model further works to decrease the temperature gradients and decrease the temperatures. 
T(K) Channel length (m)
Because that the temperature gradients at interfaces are of particular significance for thermo-mechanical failure analysis, Fig.6 illustrates a comparison of the temperature distribution at the anode electrolyte and cathode-electrolyte interfaces for the cases with and without radiation in the electrolyte layer. Certainly, the effect of radiation is minimal, leading to at most a couple of degrees reduction in the interfacial temperature. Although the previous findings [4] , wherein significant reduction in temperature was reported when radiation is included. This significant difference in results owes to difference in (a) radiative properties of YSZ and (b) cell geometry that was simulated in [4] and here. Also, in the previous work a different layer thickness, was used. Inclusion of radiation effects resulted in a 1% and 0.9 % drop in the temperature gradients at the interface anode -electrolytecathode respectively.
Influence of optical thickness on the temperature variation
The electrolyte is a semitransparent material; this means that it can absorb, scatter and emit thermal radiation. The radiation depends on the spectral absorption coefficient, refractive index, spectral scattering coefficient, scattering phase function, emissivity and reflectivity. Knowledge of these parameters as a function of temperature and wavelength are needed to predict the radiative heat transfer inside SOFC electrodes and electrolyte. The simulation results obtained for the four different cases of optical thickness are reported in fig.7 (a-d) . This presents the temperature variation across the thickness of the liquid medium as predicted by the two-flux approximation, and compares their accuracy with those obtained using the more accurate but computationally intensive DO scheme. 
Conclusions
In this paper, analysis of radiation heat transfer at electrodes/electrolyte interfaces and certain physical proprieties of materials included in the cell system, such as absorption coefficient and refractive index of the yttria stabilized zirconia YSZ electrolyte are reported. According to our recent results, it was found that for the geometry, materials and operating conditions used in this study, which are thought as being representative of SOFC systems currently under development; the effect of radiative heat transfer within electrodes electrolyte interfaces is small compared to conductive heat transfer. The effect of radiative heat transfer within cathode-electrolyte-anode is respectively small compared to conductive heat transfer. The mean penetration distance for radiative heat transfer in Ni-YSZ anodes are in the order of nano-meters. This means that radiation does not need to be considered in the energy balances within the SOFCs, for an intermediate temperature. If thermal radiation needs to be considered or not depends on several parameters such as temperature differences, materials, gas composition, gas pressure, fuel cell/stack design and wavelength. With or without radiative heat transfer within the electrolyte interfaces, the effect is negligible on the average cell temperature, (1 to 0.9 %) temperature difference across the electrolyte at temperatures relevant to SOFCs. This is not the case when the corrected radiative properties are used, or for a very thin electrolyte, which must sustain much greater temperature gradients before radiation becomes significant. Although our results indicate that radiation within the electrolyte has little effect for the geometry and operating conditions used in this model, it cannot, in general, simply be neglected. The results obtained in the present work are compared with the previous simulation data from [11] . Our simulation results show that the studied radiation effect on SOFC interfaces have similar trends with that of [11] . The apparent difference is mainly due to the difference in the assumptions' considered in two models. .
